The strength of final state interaction (FSI) between struck proton and spectator neutron in 2 H(e, e ′ p) scattering depends on the alignment of the deuteron. We study the resulting FSI effects in the tensor analyzing power in detail and find substantial FSI effects starting at still low missing momentum p m ∼ > 0.9f m −1 . At larger p m ∼ > 1.5f m −1 , FSI completely dominates both missing momentum distribution and tensor analyzing power. We find that to a large extent FSI masks the sensitivity of the tensor analyzing power to models of the deuteron wave function. For the transversely polarized deuterons the FSI induced forward-backward asymmetry of the missing momentum distribution is shown to have a node at precisely the same value of p m as the PWIA missing momentum distribution. The position of this node is not affected by FSI and can be a tool to distinguish experimentally between different models for the deuteron wave function.
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The strength of final state interaction (FSI) between struck proton and spectator neutron in 2 H(e, e ′ p) scattering depends on the alignment of the deuteron. We study the resulting FSI effects in the tensor analyzing power in detail and find substantial FSI effects starting at still low missing momentum p m ∼ > 0.9f m −1 . At larger p m ∼ > 1.5f m −1 , FSI completely dominates both missing momentum distribution and tensor analyzing power. We find that to a large extent FSI masks the sensitivity of the tensor analyzing power to models of the deuteron wave function. For the transversely polarized deuterons the FSI induced forward-backward asymmetry of the missing momentum distribution is shown to have a node at precisely the same value of p m as the PWIA missing momentum distribution. The position of this node is not affected by FSI and can be a tool to distinguish experimentally between different models for the deuteron wave function.
Introduction
The deuteron being the simplest nucleus, the experimental study of the short distance (i.e. large momentum) behaviour of the deuteron wave function is of particular importance for understanding the short range properties of the nuclear forces. The 2 H(e, e ′ p) scattering at large Q 2 and large missing momentum is one of the reactions with potential sensitivity to the short-range structure of the deuteron. Indeed, in the PWIA (plane wave impulse approximation) the 2 H(e, e ′ p) cross section is well known to probe the deuteron ground state momentum distribution |Ψ( k)| 2 , since in PWIA the missing momentum p m can be identified with the initial pn relative momentum k (for a review see [1] ). However, this simple relation between the deuteron wave function and the missing momentum distribution is affected by final state interaction (FSI) between the struck proton and the spectator neutron. Despite the deuteron being a very dilute target, in our recent study [2] of unpolarized 2 H(e, e ′ p) scattering at large Q 2 , we showed that FSI effects overwhelmed the PWIA distribution at p m ∼ > 1.5 fm −1 . (A similar effect was found for 4 He [3] and heavier nuclei [4, 5] .) There is a basic necessity to disentangle the short-distance and/or large relative momentum wave function of the deuteron and to this end, one can think of exploiting the tensor polarization of the deuteron. Indeed, due to the mixing of the S-and D-wave components by the tensor nuclear forces, the probability of FSI between the struck proton and the spectator neutron depends on the alignment (tensor polarization) of the deuteron. (Hereafter the polarization axis is chosen along the (e, e ′ ) momentum transfer q, while θ is the angle between q and p m .) Similar sensitivity to tensor polarization of the double scattering amplitude in elastic p -2 H scattering was discussed earlier [7, 8] .
The 2 H(e, e ′ p) experiments with both polarized and unpolarized deuterons constitute an important part of the program at CEBAF [9] . The tensor analyzing power can also be measured in the 2 H(e, e ′ p) reaction on the polarized deuteron jet target in the HERMES experiment at HERA [10] .
If only the deuteron is polarized, a key measurable quantity is the tensor analyzing
where σ µ is the cross section for the polarization state of the deuteron µ = ±1, 0 and we use the property σ + = σ − . By definition, −2 ≤ A ≤ 1, the limits being saturated when σ + = 0 and σ o = 0, respectively. Already in PWIA the tensor analyzing power
A is nonzero, as the D-wave admixture in the deuteron produces the tensor polarization dependent deviations from the spherical shape of the deuteron wave function. The interest in A stems from the potential sensitivity to the not so well known D-wave component of the deuteron and from the possibility of discrimination among different models for the deuteron ground state. For the same reason of the deviation from a spherically symmetric shape, the probability of FSI also depends on the tensor polarization: at large q the struck proton flies in the direction of q, the probability of interaction with the spectator neutron is higher if the deuteron is aligned along q and the alignment depends on the tensor polarization. Consequently, the interpretation of the experimental data on the tensor analyzing power requires a quantitative understanding of FSI effects.
In this paper we present a detailed Glauber theory description of FSI effects in the 2 H(e, e ′ p) scattering on tensor polarized deuterons. In section 2 we discuss PWIA predictions for the tensor analyzing power. Interpretation of the rich structure of the tensor analyzing power in terms of nodal properties and interference of the S-and D-wave amplitudes is presented in section 3. We point out a potential sensitivity of the tensor analyzing power to models of the deuteron wave function. In section 4 we introduce the Glauber theory description of FSI and describe FSI modifications of S-and D-wave amplitudes, in section 5 we present our main results for FSI effects. We find strong FSI, which leads to complex modifications of the tensor analyzing power and of the missing momentum distribution for different polarizations of the deuteron. FSI effects are particularly strong at large p m and are an important background to the extraction of properties of the short-distance np interaction. Still another FSI effect -the forward-backward asymmetry of the missing momentum distribution -is discussed in section 6. Remarkably, this forward-backward asymmetry probes a nodal structure of certain undistorted S-and D-wave amplitudes which is free of uncertainties from FSI. In the conclusions section we summarize our main results. Numerically, FSI effects in the tensor analyzing power turn out to be substantial already at p m ∼ > (0.9-1.0)fm −1 and to a large extent mask the potential sensitivity to models of the deuteron wave function.
Tensor analyzing power in plane wave impulse approximation
In this communication we would like to concentrate on FSI effects and to focus on the simpler case of the longitudinal response. For this case, the photon can be treated as a scalar operator which does not change the spin state of the proton and the neutron (for the full hadronic tensor in deuteron scattering, see [11] ). Then, factorizing out the electromagnetic current matrix element of the struck proton, the reduced nuclear amplitude for the exclusive process 2 H(e, e ′ p)n is given by [1, 12, 13 ]
where r ≡ r n − r p , Ψ µ ( r) is the wave function for the deuteron spin state µ and χ ν stands for the spin wave function of the final pn state. The struck proton is detected with momentum P , q is the (e, e ′ ) momentum transfer and p m ≡ P − q is the missing momentum. S ν ( r) is the S-matrix of FSI between the struck proton and the spectator neutron, which describes the distortion of the outgoing waves. The subscript ν is a reminder that the np interaction in the final state may depend on the spin state. The observed momentum distribution corresponding to a given deuteron polarization µ is the
The deuteron wave function for states µ = ±, 0 is [14] Ψ + = u(r) r Y 00 (r) + 1 10
where u/r and w/r are the S and D-wave radial wave functions of the deuteron, with the normalization dr(u 2 + w 2 ) = 1. Here, |σ stands for the initial triplet spin wave function with the projection σ = 0, ±1.
It is convenient to introduce the S-and D-wave amplitudes
where τ = 0, ±1, ±2 and we suppressed the possible weak dependence of the FSI factor S( r) on the relevant spin state |σ , see below. In terms of these amplitudes the momentum distributions can be written as
In order to set up the framework, we first cite simple results for PWIA, where S( r) = 1.
Denoting
we find in PWIA
Denoting W
where
is the missing momentum distribution for the unpolarized deuteron and the tensor analyzing power equals
Notice the ∝ (1 − 3 cos 2 (θ)) behaviour of A P W IA ( p m ), by which
and
Also, notice the property 
The position p (12) and (13) there is no forward-backward asymmetry:
4 FSI effects and nodal structure of S-and D-wave amplitudes FSI effects substantially modify the above pattern. In this work we focus on large Q 2 ∼ > (1-2) GeV 2 of interest in the CEBAF experiments, where the kinetic energy of the struck proton T kin ≈ Q 2 /2m p is high and FSI can be described by Glauber theory [16] . The onset of color transparency effects at the highest Q 2 attainable at CEBAF will be discussed elsewhere. Defining transverse and longitudinal components r ≡ ( b + zq), whereq denotes the unit vector in z-direction and b is the impact parameter, we can write
where Γ ν ( b) is the profile function of the proton-neutron scattering, which at high energy can conveniently be parameterized as
(ρ is the ratio of the real to imaginary part of the forward np elastic scattering amplitude, and b 2 o is the diffraction slope). The step-function θ(z) in eq. (19) tells that the FSI vanishes unless the spectator neutron is in the forward hemisphere with respect to the struck proton. A thorough test of the Glauber theory in the scattering of 2 GeV polarized deuterons on protons has been performed in [17] , higher energy data on elastic pd scattering are discussed in [18] , a generic review on the Glauber theory analysis of nucleon-nucleus scattering is given in [19] . For the high energy and momentum of struck protons and for the simple case of the longitudinal response considered here, the spin state of the proton and neutron does not change and FSI between struck proton and spectator neutron proceeds in the spin triplet state. What enters the Glauber FSI factor (20) is the np total cross section σ (ν) tot for the triplet state with polarization ν. We can express σ (ν) tot in terms of the conventional longitudinal, ∆σ L , and transverse, ∆σ T , cross section differences [20, 21] 
where p ν indicates the probability of the spin state |ν , 
For the presence of δ( b) in ( 
FSI effect on S-D interference and position of diffractive dips
Now we turn to the interpretation of our results in view of the above described properties shows an irregularity at p m = p the alignment of the proton and neutron along the z-axis is stronger for µ = ±1 than for µ = 0. Indeed, precisely such a sign of the quadrupole deformation follows from the sign of the quadrupole moment of the deuteron [7, 8] .
The results for the parallel kinematics, p ⊥ = 0, θ = 0 o and θ = 180 o , are shown in Fig.6 . At small p ⊥ , FSI amplitudes have been shown [2] to be suppressed by a small factor ∝ σ
. For this reason of small FSI effects, W + (p m , θ = 180 o ) (dashed curve in Fig.6a ) has a shallow dip and W + (p m , θ = 0 o ) (solid curve in Fig.6a ) has a shoulderlike structure at p m very close to the position of the dip in the PWIA distribution
PWIA starts at p m ∼ > 1f m −1 and is very strong at higher p m .
In Fig.6a 
o ) exhibit a strong excess over, and decrease very slowly compared to, the PWIA distribution
The origin of this excess lies in the θ-function which emerges in the idealized form of the Glauber FSI operator (20) . For the discussion of the sensitivity of this excess to modifications of the FSI operator (20) for the finite size of the nucleus we refer to [2, 3] .
A comment on the interpretation of the above results in terms of the nuclear trans-
is in order. Only at small p m ∼ 0, the result that T µ (p m , θ) ≃ 0.93 < 1 can be interpreted as a conventional nuclear attenuation. At higher p m , the nuclear transparency ratio has a strongly polarization dependent dipbump structure. The rich and complex p m and θ dependence of the nuclear transparency T µ (p m , θ) is evident from the results shown in Fig.3 . For instance, in transverse kinematics
m , θ = 90 o ) ≪ 1, which is followed by a rapid rise of the transparency ratio and an
At still larger p ⊥ , in the region dominated by elastic rescattering effects, we find very strong nuclear enhancement (antishadowing) T µ (p m , θ) ≫ 1 (see also [3, 5] ).
The (p m , θ) dependence of the tensor analyzing power naturally follows from the above described properties of the S-and D-wave amplitudes and W µ (p m , θ). tot . Namely, according to [2] , the height of the θ = 90
However, large p m behaviour of this peak is also sensitive to the as yet experimentally not measured diffraction slope for scattering in this specific spin state. A more detailed analysis of the sensitivity of the dip position and of the elastic rescattering peak to ∆σ L , ∆σ T , and to values of ρ and b 2 o for pure spin states |ν goes beyond the scope of the present paper and will be presented elsewhere.
Tensor polarization and forward-backward asymmetry
Above we have seen how FSI masks the effects due to the peculiarities of the unperturbed wave function of the deuteron. It is interesting that the forward-backward asymmetry
is a pure PWIA-FSI interference effect caused by the nonvanishing elastic part of the (1 + ǫ(z)), where ǫ(z) is equal to +1
for z > 0 and -1 for z < 0, we have (we suppress the spin variables ν, µ, τ )
where, using the fact that in our case Ψ( r) is an even function of z,
Then one obtains
where the sum over τ is a reminder that for the chosen deuteron polarization µ different combinations of s( p m ) and d τ ( p m ) enter the matrix element according to Eqs. (7, 8) . 
Therefore, we predict that A 
is quite large in the vicinity of the node and gives rise to a peak in A (+)
For the longitudinal deuterons, µ = 0, the corresponding PWIA amplitudes do not have any interesting nodal structure, see Fig.1d , which shows quite a structureless
F B does not exhibit any structure at p m ∼ < (3 − 4)f m −1 .
Summary and conclusions
The purpose of the present study has been an analysis of effects of the quadrupole deformation of the deuteron in 2 H(e, e ′ p)n scattering on tensor-polarized deuterons. Because A departure of the nuclear transparency ratio In PWIA, we find substantial sensitivity of the tensor analyzing power to models of the deuteron wave function at large p m . FSI effects mask this sensitivity to a large extent.
A unique observable, which provides an FSI independent probe of the nodal structure of the combination of S-and D-wave functions s(p m ) − 
